The DFT B3LYP/SBKJC method has been used to calculate the gas-phase optimized geometries of the glycolate oxoperoxo vanadium (V) 
Introduction
Since the 1970s it has been known that vanadium plays an essential role in a number of biochemical processes, including the synthesis of chlorophyll and the normal growth of some animals. 1 Over the last few decades, in vivo and in vitro studies of the biological effects 2 of this metal have revealed other important properties, such as the ability to inhibit some enzymes, in addition to antitumorigenic 3, 4 and insulinomimetic effects.
5,6
Vanadium oxoperoxocomplexes are an important class of vanadium compounds, due to their biological and industrial applications. These complexes show antitumorigenic 4 activity and also enhanced insulinomimetic 6,7 activity compared with the anionic salts of vanadium. Additionally, they have been studied as functional models 8-10 for the haloperoxidase enzymes and are efficient oxidants for several substrates, including benzene and other aromatics, alkenes, allylic alcohols, sulfides, halides, and primary and secondary alcohols.
11-13
a-Hydroxycarboxylic acids are important biogenic ligands, since they are involved in many basic biochemical processes, such as the Krebs cycle (malate, citrate, isocitrate), Cori cycle (lactate), photorespiration (glycolate), etc. The complexes which result from the association of vanadium, peroxide and these acids are, thus, potentially biochemically relevant molecules. Following this interest, we have carried out studies on V(V)-acid-H 2 O 2 systems.
14- 17 Previously, 15 some of us have studied the system V(V)-glycolic acid-H 2 O 2 in aqueous solution using NMR spectroscopy and have proposed structures for the oxoperoxo vanadium(V) complexes of this acid present in solution. The solid state structure of one of these complexes is known, 18 but no detailed information has been reported on the structure of the remaining complexes found in aqueous solution. In this paper we apply DFT to further characterize the structures of these species and to understand the major structural features determining their metal and oxo oxygen chemical shifts in their NMR spectra. For this, we will carry out DFT calculations of the structures and of their NMR chemical shifts, and we will study how these vary with structural modification. We will also consider small vanadium molecules as model compounds for the calculation of structural effects.
2 and G-3) and a five coordinated dioxo vanadium centre (G-1). In the present study we have considered these structures and, additionally, we have tested a second possible structure for G-2 (which is equally in agreement with the experimental NMR results 15 ). We have chosen the DFT B3LYP/SBKJC calculation level to optimize the structures since this method has proved to be reasonable for the study of oxoperoxo vanadium(V) complexes of a-hydroxycarboxylic acids.
17
In Fig. 1 , we present the optimized geometries of the structures under study. G-2syn and G-2anti are the two structures under analysis for G-2 and are isomers differing in the relative orientation of the V=O bonds. Interestingly, for achiral ligands only structures having an anti orientation of the V=O bonds have been found in the solid state. For chiral ligands, both syn and anti orientations are found, depending on the combination of two L,L (or D,D) or L,D ligands. 19 These differences are not yet understood. We present here a possible explanation: while for a L-ligand (or a D-ligand) a symmetrical structure is obtained only if the V=O bonds adopt a syn orientation, for L,D-ligands the symmetry can be achieved by having the two V=O bonds anti to each other. This natural willingness for structural symmetry is merely the consequence of repetition of the most stable arrangement of a fraction of the molecule. For an achiral ligand, such as glycolic acid, both syn and anti arrangements lead to symmetrical structures. In this case, the mutual arrangement of the V=O bonds is constrained only by the repulsions between the oxo and the peroxo ligands. Apparently, G-2anti should be more stable since it presents the arrangement that minimizes the V=O repulsions. In our study we will analyze if it is possible to obtain any indication from the calculations of increased stability of one form or the other.
As a starting point for G-1, we have taken a structure having one dioxo vanadium centre (V1), with a coordination number of five, and one oxoperoxo seven-coordinated vanadium centre (V2), with a bonded water molecule (this structure is slightly different from the one we proposed earlier, 15 which involved an oxo vanadium centre with a water molecule bridging the two vanadium atoms). In the optimization of G-1 the water molecule initially bonded to V2 is expelled from the metal coordination sphere, and remains only as a species hydrogen-bonded to the peroxo oxygens and to O4, leading to the geometry G-1.H 2 O (Fig. 1) . The coordination number of this centre is, thus, reduced from seven to six. This result has been found previously in our study of the Llactate oxoperoxo vanadium(V) complexes 17 and by Bühl et al. 20 in the DFT optimization of
-. Removal of this water molecule and reoptimization afforded G-1. We have also considered structures having seven-coordinated oxoperoxo centres with a bonded water molecule as starting structures for G-2anti, G-2syn and G-3. Also in these cases, one water molecule is expelled in their optimization and remains hydrogen-bonded to the complex. In G-3 the water molecule trans to V=O is expelled, presumably due to a weakening of the trans bond caused by the O 2-(oxo) ligand, that is, a trans effect. All the structures have been reoptimized after removal of these water molecules, leading to the geometries presented in Fig. 1 . It is significant that, by losing its two coordinated water molecules during the optimization, G-2anti converged to a structure similar to the only known solid state structure 18 for this system.
To try to assess which of the isomers G-2syn or G-2anti is more stable, we have calculated the energies (with the zero point corrections) of their equilibrium geometries. The results indicate G-2syn as being 0.1 kcal mol -1 more stable than G-2anti. This energy difference is, however, too small to be considered as significant and, thus, does not allow any conclusion.
As a test of the quality of the predicted structures, we have calculated their isotropic 51 V, 17 O, 13 C and 1 H chemical shifts using the UDFT-IGLO-PW91 method, which we have previously tested in the study of a related system. 17 We compare in Table 1 the theoretical chemical shifts with the experimental solution shifts available from our previous NMR study. 15 The comparison of the gas phase SBKJC/B3LYP calculated structure of G-2anti with its solid state structure has not been attempted because the reported data 18 for the crystal is not clear. When comparing the computed and the experimental chemical shifts of Table 1 we have to take into account the fact that the experimental chemical shifts were obtained for the molecules in solution at approximately 293 K, whereas the theoretical chemical shifts were calculated for the isolated molecules in their (static) gas phase equilibrium geometries. This means that we are neglecting solvent, rovibrational and zero-point effects on the chemical shifts (more correctly, these effects are not entirely neglected, but rather assumed to be similar in the molecules under study and the reference compounds), and we are also neglecting solvent effects in the optimization procedure (gas phase optimization; see Computational Details). The differences between theoretical and experimental chemical shifts are, thus, partly due to approximations assumed in the chemical shift calculation, partly due to intrinsic differences between the solution and gas phase structures and partly due to errors of the calculation methods themselves (these refer mainly to deficiencies of the exchange-correlation functionals and to basis set limitations). To evaluate approximately the effect on the metal chemical shift of neglecting the solvent we have calculated the d( 51 V) of G-3 having six water molecules hydrogen bonded to it. The difference between the experimental and calculated chemical shifts is reduced to 131.2 ppm, meaning an improvement of 21.4 ppm (cf . Table 1 ). The importance of solvent effects on 51 V shifts has also been studied for the anion H 2 VO 4 -, for which the addition of two water molecules leads to an improvement of 64 ppm in the calculated d( 51 V). 21 In addition to these direct effects, indirect effects may also be expected, since the intermolecular interactions established between solvent molecules and the complex will also modify the structures, consequently affecting their chemical shifts.
Comparing the results for G-2anti with those for G-2syn, we see that the first structure allows a slightly better reproduction of the experimental chemical shifts of the G-2 complex in solution. Although we cannot exclude the G-2syn structure, there is no indication from our calculations that this structure should be preferred over G-2anti. Therefore, we feel that the anti arrangement of the V=O bonds found in the solid state 18 is, probably, maintained in solution.
Focusing on the chemical shifts of G-1, G-2anti and G-3, we notice that the theoretical 51 V shift of the dioxo vanadium centre has a difference relative to the experimental value of ca. 30 ppm, while those of the oxoperoxo vanadium centres show differences from 144.3 to 157.9 ppm. These differences are in There is the possibility of a reverse assignment between C(15) and C (17) .
e The oblique line indicates the possibility of a reverse attribution. agreement with those obtained previously in our study of the lactate oxoperoxo V(V) complexes and indicate some difficulties with the geometrical description of the oxoperoxo centres. -, Bühl and Parrinello, 20 at the B3LYP/GIAO level, obtained differences between the experimental (-692 ppm) and the predicted 51 V shifts from 37 to 128 ppm (several structures were considered resulting from optimization at different levels). + . For all the cases we were able to correctly predict that the magnetic shielding of the metal is larger in the complex relative to its value in [VO(OO)(H 2 O) 3 ] + (that is, Dd < 0). Additionally, we correctly predict that the metal is more shielded in G-1 and G-2anti than it is in G-3. We see that, in spite of some difficulties in predicting absolute 51 V shifts for the oxoperoxo centres, it is possible to correctly predict relative differences of 51 V shifts between complexes. Similar conclusions were obtained for the L-lactic acid oxoperoxo vanadium(V) complexes.
Considering the 17 O(V=O) chemical shifts, the only complex for which the experimental shift is known is G-2anti, with a difference between the calculated and experimental values of -142.7 ppm (Table 1) . This difference also provides an indication of some difficulties in calculating the geometry of the oxoperoxo centres. We have previously attributed this to overestimation of the O-O bond lengths. 17 In spite of these problems, the calculations correctly predict that the magnetic shielding of the V=O oxygen nucleus of the oxoperoxo center is larger in Finally, we present in Table 3 some geometrical parameters of the gas phase structures of the complexes G-1, G-2anti and G-3.
Structural effects on 51 V and 17 O chemical shifts
In this section we will try to clarify how some structural features of oxoperoxo complexes of V(V) influence their 51 V and 17 O NMR chemical shifts. We will start by considering the coordination of a small ligand, then the substitution of a fragment of a ligand and finally the modification of some geometrical parameters. effect has been reported for non peroxidic species in the series VOX 3 (X = F, Cl, Br), with a decrease of the metal shielding as the electron donating properties of the ligands increase.
Coordination of a small ligand
3 Selected B3LYP/SBKJC optimized structural parameters (bond lengths in Å , bond angles in deg) for glycolic acid V(V) complexesG-1 G-2anti G-3- -466.4 Dd G-3 → G-3H2O = -45.0 ppm [VO(OO)(L-lact)(H 2 O)] - -408.7 [VO(OO)(L-lact)(H 2 O) 2 ] - -461.8 Dd L-3 cis → L-3 cisH2O = -53.1 ppm
25

Substitution of a fragment of the ligand
We have replaced one of the hydrogen atoms of CH 2 O -of G-3 (Fig. 1) by the fragment CH 3 , without any further changes (Fig. 3) . We have calculated the 51 V magnetic shielding constant for this arrangement and in Table 5 we compare the localized molecular orbital (LMO) contributions to the shielding in G-3 with the contributions in this new structure, G-3¢, a "pseudo" lactic acid complex. The aim of this experiment is to understand why the 51 
refers to a bond of G-3. H(13) of G-3 was replaced by CH 3 to give G-3¢.
The replacement of the H atom by a CH 3 group causes a change of 4.3 ppm in the metal magnetic shielding (R D cont ). We see, thus, that structural modifications far from the metal nucleus do not significantly affect the metal chemical shift, even when these changes involve the replacement of a ligand (by replacing one H atom of glycolic acid we obtain lactic acid). This result explains why we can establish reference scales that correlate the type of complex (type of metal centre associated with a certain type of ligand) with its typical range of 51 V chemical shifts, such as that formulated by Rehder 26 for V(V) complexes with biogenic ligands. Table 6 shows the LMO contributions for G-3¢¢ and for G-3¢¢¢, in which the V-OCO and V=O bond lengths have been increased by 0.1 Å relative to their values in G-3. In these two cases the effects are more pronounced, in comparison with the previous situation. For the increase of the V-OCO bond length the change of the metal magnetic shielding is -38.8 ppm and for the increase of the V=O bond length the change is -243.0 ppm. Looking at the individual contributions, we see that, as expected, the greater differences come from the contributions of the orbitals localized on the regions that have been modified, that is, for G-3¢¢, the contributions from the lone pair in O(2) (and also from the O(5)-V(1) bond), and for G-3¢¢¢, the contribution from the V(1)-O (7) bond.
Modification of bond lengths
Studies on model molecules
To evaluate the dependence of the 51 + to other complexes. In the initial analysis, these results allow the evaluation of the contribution of structure deficiencies to the errors in the calculated chemical shifts. Additionally, in cases where the effects of the substituents are not substantial, they may permit the Table 6 Localized molecular orbital contributions to the 51 V magnetic shielding in G-3, G-3¢¢ and G-3¢¢¢ + is presented on Fig. 4 . Starting from this geometry, we have modified the V=O bond lengths and the O=V=O angle. For the various structures obtained in this manner, we have calculated the magnetic shielding constants for the metal and for the oxygen atoms, which were plotted as a function of the corresponding structural parameter (Fig. 5 shows the plots for the modification of the V=O bonds). The plots of the 51 V and 17 O magnetic shielding constants adjust very well to quadratic fits, leading to the equations y = -8458.9 + 16151x -7414.6x 2 for 51 V and y = -3020.3 + 5260.5x -2675.9x 2 for 17 O. Interestingly, the corresponding parameters in these two equations are related by the factors 2.8, 3.1 and 2.8, respectively for a, b and c (y = a + bx + cx 2 ), which are very close to the ratio between the nuclear charges of the two nuclei, that is, Z(V)/Z(O) = 2.9. In the literature we found several reports of a correlation between 95 Mo and 183 W chemical shifts of homologous complexes.
27-29 For these, the correlation parameter is the ratio between the nuclear charges (one of the correlations is 29 (Fig. 6 ). This means that the electronic structures around the V and O nuclei vary in a correlated manner. In addition to varying the V=O bond length, we have also studied the effect of varying the O=V=O angle. However, this parameter has, by comparison, a very small influence. The results are summarized in Table 7 . It can be concluded that the length of the V=O bond is the dominant factor involved in the variation of the chemical shifts. Table 8 . + (3276 ppm Å -1 per bond) and is also close to the gradient obtained for G-3 (2430 ppm Å -1 , Table 6 ). we have analyzed the same kind of effects on the system [VO 2 (gly)(H 2 O)] -. Fig. 10 shows the optimized structure of this V(V) dioxo complex and Table 9 summarizes the Dd/D(parameter) results.
Again, the V=O bond length is the major contribution in determining the 51 
Computational details
The molecular structures were optimized at DFT level without symmetry constraints using the GAMESS code. 32 The calculations employed the B3LYP hybrid functional (Becke three-parameter Lee-Yang-Parr) 33,34 and the relativistic SBKJC 35,36 effective core potentials (ECPs) and valence basis sets. The gradient threshhold for optimizations was taken as 10 -5 hartree bohr -1 . The energy Hessian was calculated for the resultant stationary points, and all were characterized as true minima (i.e., no imaginary frequencies).
Based on the optimized structures, nuclear shieldings have been computed at DFT level 37-41 with individual gauges for localized orbitals (IGLO). 42 These calculations used the deMon program 43, 44 (including the deMon-NMR modules 45, 46 ) and the PW91 47-49 gradient-corrected functional. The calculations employed a 9s7p4d all-electron basis for V, 50-52 the IGLO-II 42 all electron basis sets for O, C and H, and a fine integration grid (FINE option). In addition to the standard uncoupled DFT (UDFT) equations arising from the use of a GGA functional, 37-41 we have also evaluated the use of the "Malkin correction" in its LOC1 approximation within the sum-over-states density-functional perturbation theory (SOS-DFPT) approach.
45, 46 However, the effect on the most important 51 V and 17 O shifts was minor, and we will thus report only the UDFT results. 13 
Conclusions
In view of the relevance of vanadium compounds for both biological and industrial applications, we have carried out a DFT study of the structures and structural correlations with NMR chemical shifts of oxoperoxo and dioxo V(V) complexes.
The DFT predicted structures were tested by comparing their theoretical NMR chemical shifts with the experimental solution values. The computational methodologies used allowed us to obtain theoretical chemical shifts which are, in most cases, in good agreement with the experimental values, thus suggesting the correctness of the proposed structures.
From the analysis of the effects of structural changes on the metal magnetic shielding, we concluded that in peroxo V(V) species this property is mainly dependent on the geometry involving the metal nucleus and the replacement of substituents far from the metal does not significantly affect its magnetic shielding. This finding explains why it is possible to establish reference scales that correlate the type of complex with its typical region of 51 V chemical shifts. These studies were extended to small molecules used in quantitative analysis. This also allows the important conclusion that the 51 
